We describe a high-throughput, quantitative technology for fast identification of all different clones present in selectively enriched phage surface-displayed cDNA libraries. The strategy is based on a combination of phage display and high-density arrays. To demonstrate the utility of the method cDNAs of Aspergillus fumigatus cloned into phagemid pJuFo were expressed on the tip of filamentous M13 phage and affinityselected on solid phase-immobilized serum IgE from allergic patients. Enriched phagemid libraries were amplified in bacteria, plated and arrayed into 384-well microtitre plates by robotic colony picking. cDNA inserts were amplified by high-throughput PCR and gridded onto high-density filter membranes. Filters were iteratively probed with randomly-sequenced inserts until all clones were identified. Eighty-one different sequences encoding IgE-binding proteins likely to cover a large part of the allergen repertoire of the mould were found. This approach represents a widely applicable method for rapid high-throughput identification of all individual cDNAs present in selectively enriched libraries.
Allergy represents a health problem in industrialized countries, where up to 20-30 % of the population suffer from type I allergic symptoms like rhinitis, conjunctivitis or bronchial asthma [1] . A common hallmark of these diseases is the production of allergen-specific IgE raised against normally innocuous environmental allergens [1, 2] . In sensitized atopic individuals, allergen exposure induces cross-linking of high-affinity FcεRI receptor-bound IgE on effector cells and, thus, immediate release of anaphylactogenic mediators [2] . Although the mechanisms leading to allergic reactions are well understood [3, 4] , our knowledge about the repertoire of molecular structures involved in the pathogenesis of allergic reactions is still fragmentary. This is mainly due to the complexity of many allergenic sources [5] and to the ability of the immune system of atopic individuals to mount IgE immune responses to a wide variety of molecular structures. Various allergens have been cloned and characterized using either direct PCR amplification or screening of bacteriophage λ cDNA [6] . However, these approaches suffer from serious methodological limitations. While PCR requires before-hand sequence information, λ expression libraries need to be screened on solid supports [7] , hampering direct selection of clones expressing proteins of interest. In contrast, screening of cDNA libraries is greatly facilitated if it can be performed in solution by selective enrichment of relevant clones [8] . This requires a physical linkage between phenotype and genotype as in filamentous phage [9, 10] which display fusions to a coat protein on their surface while containing *Address correspondence to this author at the Swiss Institute of Allergy and Asthma Research (SIAF), Obere Strasse 22 CH -7270 Davos, Switzerland; E-mail: crameri@siaf.unizh.ch the encoding DNA integrated into their single-stranded genome [8] [9] [10] [11] . However, the display of cDNA libraries on filamentous phage is problematic. Efficient phage assembly requires the integrity of the carboxy-terminus of the most commonly used proteins pIII and pVIII [12] . Therefore, insertions of foreign proteins can only be tolerated at the amino-terminus [11, 13] . Peptides coded by cDNAs generated by oligo dT-priming cannot be assembled in the phage coat by this approach since translation stop codons prevent the synthesis of N-terminal fusions to the coat proteins [13] . To overcome these problems, several approaches including direct fusion of inserts to the carboxyl terminus region of gene VI [14] , gene III and gene XIII of filamentous phage [15, 16] , as well as the use of other phage systems [17, 18] have been proposed and recently reviewed [16, 19] . We devised an indirect strategy, fusing the Jun zipper to the gene for phage protein III to enable coexpressed N-terminally Fos-decorated cDNA products to be efficiently displayed on the phage capsid via Jun-Fos interaction [11, 13] . This technique has been widely used to clone allergens using immobilized serum IgE from allergic patients as ligand for enrichment of phage from surfacedisplayed cDNA libraries [20] . However, its full potential could not be unleashed because identifying all different clones present in an enriched library would have required a major sequencing effort of cDNA inserts. Instead, we have employed robotic-based devices [21] , as developed for automated library handling in genomics [22, 23] , for picking and high-density gridding of phage clones to rapidly catalogue redundant cDNA inserts. This efficient strategy enabled us to find rare clones in large, selectively enriched phage populations, and hence to define a vast variety of structurally different IgE-binding proteins form the mould Aspergillus fumigatus. 
EXPERIMENTAL

Construction of Phage Surface Displayed cDNA Libraries
A previously described λ-ZapII cDNA expression library of A. fumigatus strain ATCC 42202 [24] was used as source of inserts to construct pJuFo phage surface displayed libraries [11, 13] . Purified inserts prepared from in vivoexcised pBluescript phagemid by XbaI and KpnI digestion were ligated into XbaI / KpnI digested pJuFo vector [20] and electroporated into E. coli XL-1 Blue (Stratagene, La Jolla, CA). Phage surface display libraries were generated by VCSM13 helper phage superinfection and titered as ampicillin resistant colonies [11] . The primary size of the library used for screening was 3 x 10 9 independent clones.
Enrichment for IgE-Binding Phagemids by Biopanning
IgE from pools of sera from individuals either suffering from A. fumigatus allergy or allergic bronchopulmonary aspergillosis [24, 28] was captured with solid phase bound monoclonal mouse anti-human IgE mAb TN-142 to produce a specific IgE-ligand surface as described [11] . After extensive washing with TBS (pH 7.4), 0.5% Tween-20, 10 11 cfu of the phagemid library were added to each well and the plate incubated for 2 h at 37 °C. Binding phage were eluted and used to infect 2 ml exponentially growing E. coli XL1-Blue cells to prepare phagemids for a further round of biopanning [11] [12] [13] 20] .
Automated Picking of Enriched Phagemid Libraries
E. coli XL 1-Blue cells were infected with IgE-selected phagemid libraries, plated onto large square plates (230 x 230 mm, Nunc) containing 2xYT agar, 100 µg/ml ampicillin and 2% glucose (2YT-AG) at a density of 3000-5000 colonies per plate and grown at 37°C overnight. Using a picking/gridding robot [25] , 7 x 384 colonies per single enrichment were picked into 384-well microtitre plates (Genetix, Christchurch, UK) containing 2xYT-AG medium supplemented with HMFM freezing mix (0.4 mM MgSO 4 , 1.5 mM Na3-citrate, 6.8 mM (NH 4 ) 2 SO 4 , 3.6% glycerol, 13 mM KH 2 PO 4 , 27 mM K 2 HPO 4 , pH 7.0). After growth at 37°C overnight, plates were replicated into new microtitre plates using 384-pin replicating tools (Genetix) to produce working copies. The arrayed libraries were stored frozen at -80°C.
High-Throughput PCR Amplification of Individual Clones
cDNA inserts of all picked clones were amplified by PCR using a PTC-225 thermal cycler (Tetrad, MJ Research Inc., Watertown, MA) equipped with 384-well blocks. 30 µl reaction mixes contained 0.2 mM dNTP´s, 0.24 µM of each of the primers pJuFo5' (5'-TTCATCCTGGCGGCACACG-3') and pJuFo3' (5'-CATGGGTTAAGCGGGATA-3') , 50 mM Tris-base, 50 mM KCl, 15 mM MgCl 2 , 0.1% Tween 20, 1.5 M betaine (Fluka, Buchs, Switzerland), 0.015 mM cresol red (Sigma, St. Louis, MO) and 0.01 U/ µl Taq polymerase. DNA templates were added as bacterial inoculates by transfer from 384-well microtitre plates using plastic replicators. Reaction mixes were heated to 94°C for 5 min and subjected to 30 amplification cycles consisting of 22 s at 94°C, 50 s at 57°C and 90 s at 72°C, followed by a final extension at 72°C for 4 min. Samples of 2 µl of each PCR product were run on agarose gels to visualize successful amplification.
Preparation of High Density Filters
PCR products were gridded onto 222 mm x 222 mm Nylon filter membranes (Hybond-N + , Amersham, Buckinghamshire, UK) using a picking/gridding robot as described [25] . Spots were made by three consecutive pin hits transferring about 50 nl of each PCR reaction mix. Clones were arranged in a duplicate pattern as blocks of 4 x 4 surrounding ink guide dots. 2,688 (7 x 384) clones of each of the five enriched libraries were gridded, resulting in a total of 13,440 gridded clones. Even spotting and occasional gadget pin problems were visually judged by cresol red color intensity. After gridding, DNA was denatured by floating the filters on 0.4 M NaOH under gentle shaking for 2 min until spots turned bright red. Filters were neutralized in 5 x SSC under gentle shaking until all spots turned yellow and air-dried on Whatman paper overnight. Dry filters were UVcrosslinked in a Stratagene crosslinker using the autolink setting, laminated [26] and stored at room temperature.
Preparation of Hybridization Probes
Labelled probes were prepared from cDNA inserts by PCR amplification incorporating digoxigenin (DIG-dUTP, Roche). 100 µl reaction mixes containing 8.33 µM DIGdUTP were set up and cycled as above, using a nested PCR strategy with a polyT23 oligonucleotide as back primer and 5'-GATCCCCCGGGCTGCAG-3' as forward primer.
Filter Hybridizations
Filter hybridizations using DIG-labeled PCR probes were performed as described [23] . Briefly, 15-100 µl probe and 2 µl each of oligonucleotide used for probe preparation as competitors (100 pmol/µl) were adjusted to 120 µl total volume using TE (pH 8.0). Mixtures were denatured at 98°C and incubated at 50°C-65°C for 1 h before they were dissolved in 7 ml church buffer. Filters were pre-hybridized in church buffer at 65°C for 6 h. Hybridization was performed at 65°C overnight. For detection, filters were washed by shaking in 20 mM Na 2 HPO 4 (pH 7.2), 0.1% SDS for 15 min and blocked in 5% milk powder in PBS for 1 h. 20 µl anti-DIG alkaline phosphatase conjugate (Roche Diagnostics, Rotkreuz, Switzerland) dissolved in 100 ml blocking buffer were added and filters incubated for 1 h at 20°C. After washing twice for 30 min in PBS and for 10 min in 0.1 M Tris (pH 9.5), 1 mM MgCl 2 , filters were incubated in a mixture of 80 ml 0.1 M Tris (pH 9.5), 1 mM MgCl 2, 20 ml 5 mM attophos, and 2.4 M diethylamine (pH 9.2, RT). Development of yellow fluorescence was followed under long-wave UV light, and a high-resolution CCD detection system was used to generate images of filters.
Analysis of Hybridization Data
Positive clones were scored using the image analysis package VisualGrid (GPC, Munich, FRG). Matrices of hybridization patterns were compared using the programme hybcompare (Buczek, unpublished).
DNA Sequence Analysis
PCR products were sequenced using dye-terminators on an automated sequencer (ABI-Perkin Elmer, Foster City, CA). Homology searches were performed with BLAST and the Genetics Computer Group program FASTA [27] .
Protein Expression and IgE-Binding Assay
Putative allergen-encoding cDNAs were subcloned into the high-expression vector pQE-30 (Qiagen, Hilden, FRG) as Bgl II or Bam H1 and KpnI restricted inserts [20] . Proteins were expressed in the E. coli strain M15 [11] as Nterminal [His] 6 -fusions, purified in a single step by Ni 2+ -chelate affinity chromatography under denaturing conditions and refolded by dialysis against PBS pH 7.4 [11, 28] . For IgE-specific dot blot analysis, the allergens were spotted onto Hybond-ECL nitrocellulose membranes (Amersham, Buckinghamshire, UK) and processed as described [28] . The IgE binding capacity of the proteins was determined by a standard solid-phase ELISA visualized by incubation with alkaline phosphatase-conjugated goat anti-mouse IgG antibody (Pierce, Rockford, IL) and 4-nitrophenyl phosphate as substrate [24] .
RESULTS
Enrichment of Phage Displaying A. Fumigatus Allergens
Screening of an A. fumigatus phage surface displayed cDNA library with five different serum pools from patients suffering from A. fumigatus allergy during five rounds of biopanning, yielded large populations of phage putatively expressing IgE-binding proteins. Phage enrichment was monitored without screening by following the yield of phage eluted from each round of panning [11] . The IgE-enriched populations are likely to contain phage encoding the majority of the allergens needed to cover the whole repertoire of the mould (see below).
Identification of Different Clones by Iterative Probing of High-Density Arrays
2688 single colonies for each of the five phagemid populations enriched with different serum pools were robotpicked and arrayed onto medium-filled 384-well plates. After high-throughput PCR amplification, the inserts were high- 
(84) 84 358 1 + a) Predicted reading frame: C, complete; P, partial. b) ++++, +++, ++ and + refer to the OD of a standard positive serum pool of >3, >2, > 1 and > 0.5, respectively. c) NT: not tested different inserts, oligonucleotides were used as competitors. High resolution images of the hybridized filters were compared using the program hybcompare. 4304 (32.0%) of the 13440 clones analyzed hybridized with the known allergen sequences (Table 1) . To prepare inserts for a second hybridization round, a randomly selected group of 38 hybridization negative clones from the first round were 5'-sequenced yielding 10 new sequences. Consecutive hybridization of the arrayed library with labeled probes of these ten inserts allowed to identify 8255 (61.4%) hybridization positive clones. Further sequencing of 41 hybridization negative clones yielded 20 so far unidentified sequences used for a third round of hybridization allowing the identification of 723 (5.4%) hybridization positive clones. Finally, 158 (1.2%) hybridization negative clones remained which were all PCR amplified and 5'-sequenced.
84 of these clones gave no amplification product, indicating a failure rate of 0.6%. Among the 74 remaining clones, 39 new sequences were found. Thus, after three rounds of hybridization including 12 already known sequences and 153 sequencing reactions 99.4% of the 13440 inserts could be assigned to a discrete sequence. The failure to detect positive clones for the known allergens Asp f 5, 8, 10 and 12 can be explained by the selection of sera used for the enrichment of the library aimed to avoid IgE raised against known allergens whenever possible, resulting in an under representation of these known sequences.
Characterization of Aspergillus Fumigatus Allergens
Inserts from all new clones identified by hybridization were PCR amplified and products 5'-sequenced to gather first hints about the putative molecular structures involved in eliciting A. fumigatus allergy. As expected from the screening of a cDNA library, not all sequences span complete open reading frames and six clones contain very short open reading frames of less than 50 amino acids probably representing protein fragments able to interact with IgE (Tab. 1). However, the sequence information allowed homology searches to be performed to tentatively assign the putative allergens to already known protein families. 
Subcloning, Protein Expression and IgE-Binding Assays
Inserts from 52 clones encoding new putative allergens were individually subcloned into the high level expression vector pQE30 to produce N-terminal hexahistidine-tagged fusions. After cell lysis and single step purification over Ni 2+ -chelate affinity chromatography, proteins were dotblotted onto nitrocellulose membranes and probed for specific IgE-binding capacity as described elsewhere [28] . All 52 gene products showed strong signals, indicating the allergenic nature of the proteins (data not shown). IgE binding was first confirmed by titrable solid phase ELISA [18] against the serum pools used for selection (Tab. 1), followed by individual investigation of sera of ten patients suffering from allergic bronchopulmonary aspergillosis highly sensitized to the mould (data not shown). The results obtained unequivocally show the high specificity of the screening procedure for the isolation of IgE-binding proteins.
DISCUSSION
Using phage display technology, we have constructed a surface displayed cDNA library of the mould A. fumigatus, previously used for manual selection of phage enriched for their ability to interact with serum IgE from individuals allergic to A. fumigatus [11] . These phage have been shown to display allergenic molecules and as a consequence of the physical linkage between genotype and phenotype [13] , to contain the genetic information responsible for their production integrated into the phage genome [9, 10] . Thus, the identification of clones expressing genes of interest in complex cDNA libraries displayed on phage surface is greatly facilitated by screening procedures based on selective enrichment [9] [10] [11] [12] [13] 20] . However, the usual format based on biopanning and manual identification of clones is unlikely to allow a fast identification of all gene products enriched by complex ligands like patients sera [8] . For a fast and costeffective identification of all clones of an enriched cDNA library, high throughput screening technology is required. In a first step we have arrayed phagemid clones from selectively enriched libraries onto 384-well microtiter plates using robotic picking [21, 22] . These high density arrays have the advantage that each clone has a unique position defined by the coordinates on the microtiter plate allowing unequivocal identification of each clone in later stages. For the screening procedure the inserts of all clones were amplified by high throughput PCR in 384-well blocks keeping the original coordinates of the arrayed clones constant, and products gridded at high density onto 22 x 22 cm nylon filter membranes. Because each clone has a unique position, PCR products can be double spotted at high density and up to 15 identical filters can be generated simultaneously. The ability to create double spots and duplicate arrays help to eliminate false positives during hybridisation experiments and allows the screening of identical filters with different inserts to assign each hybridising signal to a discrete sequence and thus to the corresponding coordinates of the respective clone in the colony arrays. After three rounds of hybridisation with 42 different inserts, 98.3% of the 13440 inserts spotted could be unequivocally assigned to a discrete sequence. Of the remaining 158 clones 74 were PCR positive, and sequencing of the PCR products yielded 39 new sequences. Subcloning of 52 of the new inserts in a high level expression vector and subsequent serologic analysis of the gene products demonstrated that all proteins were able to bind serum IgE from patients allergic to A. fumigatus indicating that all selected clones code for allergenic molecules. Therefore we conclude that the technology described, based on phage display of cDNA libraries and robot-assisted handling of enriched phagemids permits a fast identification of all different clones present in the enriched library and drastically reduces the manual work involved. We were able to identify 81 different cDNAs encoding allergens of an Aspergillus fumigatus cDNA library displayed on the phage surface, enriched by selection on serum IgE of individuals sensitized to the mould. This example indicates the potential of the combination of phage surface display technology and high-throughput library screening for the isolation of cDNA clones from complex allergenic systems. High density arrays appear to be a versatile tool if applied to cDNA libraries displayed on phage surface for the fast establishment of catalogues of selectively enriched clones. As shown for the isolation of allergens, the strategy permits the use of heterogeneous ligands (like polyclonal serum IgE) to enrich clones from large cDNA libraries and can potentially be extended to study protein-protein interactions between clones present in two different libraries. The consequent application of functional enrichment and robotic-based screening will allow rapid generation of information in the field of functional genomics. However, it has to be mentioned that all display technologies based on biological systems will suffer from constraints limiting the system itself [31] , and these apply also for the display of cDNA libraries [32] . Obvious limitations are related to the restricted codon usage of E. coli as host, the lack of post-translational modification [33] and to the toxicity of some gene products expressed in prokaryotic systems [34] . More serious limitations of phage display derive from the characteristics of the phage life cycle [35] and from the limited folding capacity of the host [36, 37] . In fact, filamentous phages are released from the host without breaking the integrity of the cell membrane [38] . As a consequence thereof, any cDNA gene product whose properties prevent it from crossing the membrane will not be secreted and, therefore, not be assembled into the phage coat. Even displayed proteins might not be selected using native interaction partners if they are not correctly folded [39] , and it is well known that the folding capacity of the E. coli machinery is a limiting step in the expression of native like proteins [36, 37] . In spite of these limitations it is reasonable to assume that phage display technology, corroborated with rapidly developing technologies based on parallel handling of large numbers of clones as described in this work will play an essential role in generating information and reagents to facilitate progress in the field of life sciences.
